ABSTRACT-To demonstrate a real-time, mobile, peer-to-peer, ad-hoc networked MIMO system in a realistic tactical environment, the Defense Advanced Research Projects Agency (DARPA) has instituted a program, called Mobile Network MIMO (MNM). To assess the communication channel quality for ground level MIMO nodes, a comprehensive channel measurement and modeling effort was carried out to determine quantities such as spatial correlations, delay spread as well as propagation loss. It was found that median 8 10 MIMO capacity supported by the channel was about 8 times the corresponding 1 1 capacity, and 3.2 times the corresponding 1 10 capacity. Also conducted were wideband soundings of such channels, where it was found that the median rms delay spreads were 0.6 s. Reported are measurements and an empirical model of pathloss, spatial correlation scales, and crosspolarization properties of rural peer-to-peer channels.
INTRODUCTION
Ad hoc links are being considered for use in future communication networks to increase network connectivity both in civilian and tactical applications (e.g. [1] , [2] ) . Essential to the design and performance of such networks is the radio propagation channel. The most significant distinction between the cellular and peer-to-peer propagation environment is that in the latter case both ends of the link are expected to be at ground level. While channel properties have been reported primarily for cellular environments, channels and models for this specific radio network (peer-to-peer MIMO wideband) have not been thoroughly addressed in the literature.
To demonstrate a real-time, mobile, networked MIMO system in a realistic tactical environment, the Defense Advanced Research Projects Agency (DARPA) has instituted a program called Mobile Network MIMO (MNM) [2] using multiple MIMO equipped vehicles to form an ad hoc network. The radio communications were carried out at the center frequency of 2.5 GHz with a bandwidth of 10 MHz. Each vehicle had 8 transmit and 10 receive antennas. The first stage of this program is to demonstrate such a system in a rural environment in Lakehurst, NJ.
The capacity gain for MIMO systems is especially significant in highly scattering environments, where the channel between transmit and receive antennas is uncorrelated, and entries of the channel transfer matrix H are often assumed to be independent identically distributed (iid) complex Gaussian random variables [3] . Measurements for cellular applications have found that large MIMO capacities are supported in both urban [4] , [5] and suburban [6] [7] environments with moderate sized arrays.
The Lakehurst Naval Air Engineering Station (NEAS) is located in the Pinelands of southern New Jersey. Of historical significance, it is the site of the 1937 Hindenburg crash. The area shown in Figure 1 is approximately 3.2 km by 4.8 km. Measurements were conducted between the marked locations, indicated by both numbers and letters. The diagonal extent, say from 2A to 12 is 5 km. Features include several very large hangars around points H,G,V and X, open areas, wooded areas, runways, and mostly single story buildings. The vegetated areas consist primarily of pine trees about 10 m in height.
MEASUREMENT EQUIPMENT AND PROCEDURE
Measurements were made separately with a wideband sounder to determine delay spread and a narrowband sounder to determine spatial correlation and MIMO capacity. We first describe the wideband sounder, and measurement procedure, and then the narrowband multi-antenna channel sounding system, which was previously used in Manhattan [4] .
The wideband sounder emits a length 1023 bipolar pseudo random m-sequence occupying a 6 MHz bandwidth centered around 2.5 GHz. Four receivers were used to amplify, down-convert, and sample the IF waveform, and digitally down-convert to baseband. The raw data was buffered and later transferred to a PC.
To conduct wideband measurements, the procedure consisted of placing the transmitter and receiver vehicles at selected points (Figure 1 ) . At each location pair, a 4 W signal was transmitted from a single 6 dBi antenna and received on four antennas spaced 18 inches apart across the width of the van, which included two 6 dBi antennas and two 8 dBi antennas. In these wideband measurements all antennas were azimuthally omnidirectional and vertically polarized. The receive van was driven at about 20 mph, while measurements were taken, allowing for later spatial averaging. In post processing, the time delay of the largest peak was found by circularly convolving the received signal with the transmitted sequence. The MMSE filter was then used to extract the impulse response, positioned to capture 10 s of pre-cursors and 20 s of post-cursors. Note, for the model r Sh n ,
where S is matrix whose rows contain shifted versions of the transmitted PN sequence, r is a column vector containing samples of the received sequence, and n is vector representing noise. The MMSE estimate of the channel is simply
At each location, as the vehicle with the 4 receivers was driven at 20 mph, a total of three 1 4 impulse responses were collected, equally spread across 0.25 seconds. Assuming that the spatial correlation scale of the field is on the order of one half wavelength (6 cm), about twelve independent measurements of impulse response were thus obtained. These twelve measurements were used to reduce the effect of the small scale spatial fading through incoherent (power) averaging of both the power delay profile as well as pathloss.
The narrowband MIMO measurement procedure consisted of radiating an 18 dBm CW signal from each of the sixteen transmit antennas and recording the signals received on sixteen receive antennas. The transmit signal frequencies were centered around 2.5 GHz, separated from each other by 2 kHz, with the total transmit bandwidth of 30 kHz. The transmit signals were separated spectrally in post processing through the use of the FFT. The result is a 16 16 H matrix containing complex channel coefficients, reported every 3 ms. One van was driven at 10-20 mph during measurements so as to allow quasi-stationary channel snapshots while collecting statistically diverse H matrix data over longer time records. For all measurements the antennas were mounted on the roof of a vehicle, about 2 m above ground.
Identical arrays of 16 antennas were placed on the roofs of both the transmit and receive vans. Each array in turn consisted of 8 vertically and 8 horizontally polarized antennas, All antennas were azimuthally omnidirectional, with the vertical gains of 8 dBi and 9 dBi, respectively, for vertically and horizontally polarized antennas. Use of azimuthally omnidirectional antennas allows direct assessment of the impact of using dual polarization, as opposed to the use of tilted antennas which involves a change not only in polarization but of directional pattern as well.
While the narrowband MIMO sounder allows measurement of 16 16 channel responses, 8 10 MIMO capacity was of interest in this study and a subset of antennas was used to compute capacity by selecting antennas with the maximum separation. All antennas were used to estimate other channel properties, such as spatial correlations. The eight transmit antennas considered in the study were placed in pairs, consisting of a vertical and horizontally polarized antennas at the 4 corners of the 3 m 1.5 m roof of the van. The 10 receive antennas used to evaluate MIMO capacity were arranged similarly on the receive vehicle, with an additional antenna pair placed at the center of the roof. The receive array thus consisted of 5 pairs of vertically and horizontally polarized antennas, placed at the corners and at the center of a 3 1.5 m vehicle roof. The cross-polarized antennas in each pair were separated by 2 wavelengths (about 0.24 m).
FREQUENCY SELECTIVITY
A total of 45 links were used to collect power delay profiles. Three of these links may be classified as Line of Sight (LOS). At each link a receive vehicle with 4 receive antennas, separated by 2.5 , moved at about 20 mph, collecting three (3) sets of 1x4 impulse responses separated by 0.25 sec. At this speed, the sets were separated by about 2.5 meters. There were thus 4 3 45=540 impulse responses collected. Measures of delay spread such as rms delay spread, and 90 th and 95 th percentile energy support were computed from the spatially averaged power delay profiles. The time spanned by the significant measured arrivals, whose total energy was ninety percent of the energy of the measured power delay profile is defined as 90 th percentile energy support. For all measures significant arrivals are defined as having power at least 5 dB above the average noise level. Mathematically these measures may be written as: The threshold at which a decision is made to call a peak noise or signal is examined. Let the thermal noise . Let H 0 be the null hypothesis which states that the measurement is noise.
If the sample mean is a factor above the then H n u 1 , the alternate is accepted. The probability of type I error, i.e. a false positive is
where the sample mean x is Gamma distributed with the parameter alpha equal to the number of independent samples m,
The power function is the probability of correctly accepting H 1 assuming the measurements taken from a distribution with a given 2 s , so
where the sample mean x would now be
Observe that ( ) s u is increasing with 2 s and m. To distinguish noise and signal in the measurement, the threshold was set to 3.16 (5 dB). For example let m=1 then = .04, letting m=2 then = .01, and letting m=4 then =.001, clearly illustrates the importance of averaging. The 95% confidence interval for sample mean, i.e. 
using the density in (6) with 12 independent samples the interval is (-1.9dB, +1.6dB).
A cumulative distribution of these measures of delay spread is plotted in Figure 2 . The data includes thirty nine links, where the SNR equaled or exceeded 20 dB. It may observed that the median and 90 th percent rms delays are 0.6 s and 1.6 s, respectively. Our findings are slightly higher than the median rms delays for high base to mobile measurements in suburban and rural areas which were found to range from 0.1 to 0.25 s [8] - [11] . This may be caused by scattering from the four hangars which are large structures, formerly housing trans-Atlantic dirigibles. Although these structures are quite unusual, delay spreads are not out of line as compared to suburban Toronto where the 90 th percent rms delay was reported as 1.2 s [11] . We conclude that delay spread for peer-to-peer ground level nodes in not significantly altered as compared to a high base positioned over the clutter. One interpretation of this is that lowering the base antenna into the clutter affects all delays equally.
It may be noted that for locations around the hangars which corresponded primarily to open areas, the pathlosses were generally rather low, with free space loss being a good approximation, and the delay spreads were also very low. Higher pathlosses accompanied by larger delay spreads were characteristic of links with direct path blocked by a hangar or trees. It may be noted that the relative importance of signal components scattered from large distant objects (such as hangars in open terrain) increases once the direct path is blocked. The rms delay spread varied from 0.07 s in the parking lot (at about the resolution limit of the 6 MHz sounding waveform) to 2.1 s measured on the obstructed (23, 22) link, Figure 3 . Note that here and in the rest of the paper the pair label (e.g. (23, 22) ) corresponds to the transmitter, receiver locations, respectively.
Both the 90 th and 95 th percent energy support reported in Figure 2 may give an impression of excessive frequency selectivity. A more direct measure of frequency selectivity is a frequency autocorrelation function R(f c , f c +f), which is the correlation between the channel response at f c and f c +f [12] . Since it gives a measure of the channels 'flatness', it may be helpful in determining the width of OFDM sub-bands. This quantity is plotted for several selected links in Figure 4 .
PATHLOSS AND CROSS-POL COUPLING
Extensive measurements were made to determine MIMO capacity and pathloss for rural ad-hoc links. Long range dual polarized measurements consisted of forty links. Five of these links may be classified as being Line of Sight (LOS). At any one link, the transmitter was stationary while the receiver was moving (over 4 m), collecting about 1500 H matrices per link to assure adequate ensemble of data. This resulted in a data set of about 40 1500=60,000 H matrices.
The measured pathloss is defined as the spatial average of the observed reduction in signal power between two isotropic antennas, , ,
where the subscripts denote the polarization of the transmitting and receiving antenna, P T is the transmit power, P R is the received power, G T and G R are the antenna gains of the vertically polarized antennas, and the expectation is over all vertically polarized transmit receive pairs and time. Assuming independence between locations spaced .7m, this gives 120 independent samples, and the confidence interval is ±.8 dB.
Use of both vertically and horizontally polarized antennas introduces additional quantities that are needed to characterize the channel. One such quantity is the pathloss suffered by vertically and horizontally polarized signals. Their difference is 10 10 log dB
The distribution of this quantity is plotted in Figure 6 . We conclude that the channel does not give either polarization preferential treatment as the median L is quite close to 0 dB. The 14 dB spread can be primarily attributed to the environment rather than measurement uncertainty due to the tight confidence interval. Another quantity of importance is the cross-polarization coupling present in the channel. It is a measure of the relative power penalty due to polarization mismatch, suffered by receiving the signal emitted in one polarization by an antenna polarized in the orthogonal polarization. The cross-polarization discrimination pol x is defined by: 10 10 log dB
where the pathlosses for various combinations of receive and transmit antenna polarizations are expressed as linear ratios of transmit and receive powers. The distribution of pol x is plotted in Figure 7 . Cross-polarization discrimination was observed to vary from 2 to 19 dB, with a median of 8.5 dB. pol x reported here is somewhat stronger than the 6 dB reported in urban channels [19] . Perhaps due to extensive spatial averaging, no negative values of x pol were measured as reported in [20] . For a dual polarized array, large values of pol x result in a reduction in total received power, as a particular receive antenna will see weaker signals arriving from the orthogonally polarized transmit antennas. It is known that cross-polarized signals are largely uncorrelated. So in the context of MIMO, the use of both polarizations increases the statistical independence of transmitted streams which is beneficial, but reduces the total received power, which is detrimental. For two arrays with equal number of horizontal and vertically polarized antennas, an infinite value of pol x leads to a maximum received power reduction of 3 dB, as half the elements of the channel H-matrix would have zero power. Measured pathloss values for the long range links are plotted as a function of transmitter-receiver separation in Figure 8 . Also plotted is the least mean square regression line. The data includes both LOS and NLOS links, with LOS comprising about 10% of the data. Let the observations be arranged in two vectors X c containing the log 10 of distances and Y containing the pathlosses in decibels . The data is assumed to follow the model 
Using (15) and (16) standard deviation of the regression coefficients is 16 dB in intercept, and 2 in the slope. This seems to be quite large, but the intercept is defined at 1 m, so large swings coupled with a slight adjustments in the slope change the estimated regression line very little. The median pathloss at 1 km is 128 dB and the standard deviation of error of the regression fit was found to be 17.5 dB. The relatively large standard deviation of error may be attributed in part to the heterogeneity of the environment, that included large open areas, wooded areas, and areas with large obstructions, such as hangars, which become more significant with low antenna height. It was found that neither the parameters of the regression fit, nor the standard deviation of the pathloss relative to the regression fit change materially if the LOS links are excluded from the data. For comparison, in a cellular environment, characterized by a tall base station, a representative median pathloss for suburban, level terrain, with moderate to heavy tree density is 120 dB at 1 km, accompanied by 9 dB shadow fading standard deviation [21] .
NARROWBAND MIMO CAPACITY
MIMO capacity is measured directly here, though it may be inferred from angle spread or correlation measurements on both ends, as was reported in the double directional channel measurements in [13] and [14] . The direct measurement ensures that degenerate channels such as keyholes or pinholes [15] , [16] are not ruled out a priori. This spatial degeneracy occurs when, for example, all paths are diffracted over a single wedge [17] . The direct measurement of MIMO capacity avoids the difficulties in estimating both angular spread and correlation, as discussed later.
In the case of the channel that is unknown at the transmitter, the capacity of the MIMO system with n t transmit antennas and n r receive antennas is given by the formula [3] 
where the total transmit power P t is equally allocated among the transmit antennas. We define the average SNR, also called the system SNR, as = P r /N o , where P r is the average received power. H is the matrix of complex channel coefficients, normalized to have unit average power, N o is the power of AWGN, is the identity matrix of dimension n r n I r , and * designates the complex conjugate transpose.
Long range MIMO capacity
The capacity evaluated at a fixed system SNR is a measure of scattering richness of a MIMO channel. An arguably better metric of system performance may be capacity evaluated at the expected operational SNR. This would account for different propagation losses suffered on different links. The expected operational SNR may be estimated using measured pathloss. The operational SNR is defined as 10 min 10 log , 23 dB ( ) (19) where k is the Boltzmann constant and T is the ambient temperature, set at 300 0 K. It is assumed here that the noise figure F = 3 dB, bandwidth B = 10 MHz, total transmit power P T = 20 W, receiver and transmitter antennas gains G T = G R = 8 dB, and receiver and transmitter cable losses are
The op is typically limited by effects such as transmitter non-linearity, phase noise, etc. For the purposes of computing capacities here, the maximum effective SNR is taken to be 23 dB. An estimate of the average capacity of the channel is defined as the average of the 1500 measured capacities.
8 10 8 10
The SISO capacity for a Rayleigh channel is defined as:
The distribution over all forty locations of locally averaged capacities using the dually polarized 8 10 array is compared against corresponding SISO capacities in Figure 5 . It may be observed that average 8 10 MIMO capacities are nearly eight times the capacities achieved by a SISO system under the same total transmit power and same average path loss. There were channels where MIMO processing offers only a modest gain. One such place was on a long straight road with trees on both sides (11, 12) . Here the geometry suggests guiding of the radio waves such that they are received from a very narrow angle, while higher order reflections are absorbed. An analogy may be made to a waveguide with rough, lossy walls, where the high order modes decay quickly reducing the capacity [15] , [18] . An analysis of the Doppler spectrum confirmed that the arriving waves are indeed confined to a narrow angle.
Short-range LOS MIMO capacity
Short-range narrowband measurements were collected with the vehicles driving at distances of 50 to 150 meters from each other, mostly within line of sight of each other. The vehicle pair traversed most of the area of shown in Figure 1 , resulting in a data set with hundreds of thousands of H-matrices collected over a wide variation of both wooded and open environments. The issue for MIMO systems here is whether there is strong enough scattering in this LOS environment. A 8 8 subset of all vertical antennas was compared to a subset of 8 8 dual polarized antennas. Due to the low pathloss experienced in these channels, capacity is evaluated at the maximum effective SNR, here set at 23 dB. For the mixed polarization links, the average SNR of the co-pol links was set to 23 dB. It was found that in this environment of low to moderate scattering and high SNR, that using the dual polarized array increases the median capacity by 30%, from 32 to 42 bps/Hz, over using only vertically polarized antennas.
MIMO CHANNEL MODEL
We develop a MIMO channel model based separable correlations (sometimes called Kronecker) model [22] , [24] , [25] :
H H
where the receiver correlation matrix and the transmitter correlation may be computed for the desired antenna configuration, and H
R T
iid is matrix containing iid CN entries. Some properties of the model are: 1. The physical interpretation of separable correlation means that arrivals at the receiver are uncorrelated with departures at the transmitter. LOS obviously breaks this model. 2. While there are n t *n r -squared correlations to compute in the full Kronecker model, only 2*n t n r are required for the separable model. This means, for example receiver correlation are obtained average over transmitters as well as time, see (27) . A large number of independent samples are needed to estimate correlations, so this averaging is important addition. 3. Enforcing the same spatial correlation per delay may not correspond to the actual channels, but the wideband capacity in (25) at any frequency does have the same as the narrowband capacity in (22) . Proof: Let the wideband H matrix be defined as
The Fourier transform is
where the phase shifted iid complex Gaussians is clearly another iid complex Gaussian.
Equation (22) may be generalized to allow simulation of wideband dual polarization MIMO channel matrices. Now for each delay spatial correlations are applied:
In the above equation, the subscripts V and H refer to vertical and horizontal polarizations respectively, P k . is the relative power of the channel arrival at delay k , is the channel propagation gain (inverse of path loss), and and are transmitter and receiver antenna directional gains. An example of measured power delay profiles is plotted in Figure 3 . It is recommended that the cross-polarization coupling factor , which is the reciprocal of (12) , be taken as -8.5 dB, corresponding to the median value observed in Figure 7 . The correlation matrices for the two polarizations are different because the antenna locations are, in general, different. A reasonable assumption that while the two polarizations have independent realizations in a scattering environment, they follow the same second order statistics. In such a case the correlation matrices may be generated for both polarizations using the same set of decay constants though different antenna locations in (26) . The above model also assumes that the same spatial correlations, measured using a narrowband system, may be used for all delays. It should be noted that the various matrices in iid H (25) are to be generated independently.
Spatial correlations were deduced from data. To represent the correlations compactly, it was decided to model the correlation as decaying exponentially with antenna separation,
where the decay constant is determined through fitting to correlation coefficients estimated from data. The use of exponential shape is rather arbitrary, but it was found to be an effective way to model capacity both in this work as well as in urban environment [4] . A correlation coefficient between two transmit antennas is estimated from the data as:
n t n t n t n t E h t h t E h t E h t (27)
where the expectation is over all receivers as well as over time. Similar processing is done for receive antennas. Correlation decay constants defined in (26) were determined for a best fit to correlations estimated as in (27) . Over the entire data set, the median correlation decay constant was found to be about 0.7 m -1
, with 20% of links having decay constants of 0.1 m -1 or lower, resulting in lower capacity. This may be compared to about .5 m -1 found for a mobile in Manhattan [4] .
CONCLUSIONS
An extensive campaign to characterize the wideband multi-antenna radio propagation channel between two ground based platforms was conducted in a rural area of Lakehurst, NJ. Dozens of links with ground level transmitter and receiver arrays were characterized in mixed wooded/open terrain over ranges of up to 4 km. Some key findings for the rural peer-to-peer channel may be noted:
Considerably large spatial correlations, with a median characteristic constant on the order of 0.7 m -1
Shadow fading with larger variation standard deviation of 17.5 dB.
Rms delay spread with a median of about 0.6 s. Significant MIMO capacity, when antennas are spaced widely, offering about 80% of corresponding iid channel capacity. It was found that median 8 10 MIMO capacity supported by the channel was about 8 times the corresponding 1 1 capacity, and 3.2 times the corresponding 1 10 capacity. Lower cross polarization coupling of about 8.5 dB, yet overall benefit from use of dual polarization at modest SNRs. Polarizations improves capacity for short range LOS channels by almost fifty percent. Average co-pol. power is unbiased to polarization. 
